In this study, cloud-resolving simulations of a case study for a limited area of the hibernal Arctic were performed with the atmospheric modeling system ICON-ART (ICOsahedral Nonhydrostatic-Aerosol and Reactive Trace gases). A thorough comparison with data both from satellite as well as aircraft measurement is presented to validate the simulations. In addition, the model is applied to clarify the microphysical processes occurring when introducing artificial aerosol particles into the upper troposphere with the aim of modifying cirrus clouds in the framework of climate engineering. Former modeling studies investigating the climate effect of this method were performed with simplifying assumptions and much coarser resolution, reaching partly contradicting conclusions concerning the method's effectiveness. The primary effect of seeding is found to be a reduction of ice crystal number concentrations in cirrus clouds, leading to increased outgoing longwave radiative fluxes at the top of the atmosphere, thereby creating a cooling effect. Furthermore, a secondary effect is found, as ice crystals formed from the injected seeding aerosol particles lead to enhanced riming of cloud droplets within the planetary boundary layer. This effectively reduces the coverage of mixed-phase clouds, thus generating additional cooling by increased upward longwave radiative fluxes at the surface. The efficacy of seeding cirrus clouds proves to be relatively independent from the atmospheric background conditions, scales with the number concentrations of seeding particles, and is highest for large aerosol particles.
Introduction
Being confronted with climate change due to anthropogenic emission of greenhouse gases, concerned climate scientists have proposed several ideas on how to compensate or at least decelerate climate warming (Caldeira et al., 2013; Crutzen, 2006) . The methods in the framework of so-called climate engineering can generally be divided into two types. Carbon dioxide (CO 2 ) removal techniques aim at an active reduction of CO 2 in the atmosphere (Caldeira et al., 2013) . The goal of other methods is to modify the Earth's radiation budget by solar radiation management.
As clouds exert a strong influence on the Earths' energy balance (Wild et al., 2015) , several methods were proposed that focus on large-scale modification of clouds to achieve surface cooling, for example, increasing the albedo and thus the reflectivity of low-level marine stratocumulus clouds by injecting hygroscopic aerosol into pristine regions (Latham, 1990 (Latham, , 2002 . Another idea enjoying growing attention was proposed by Mitchell and Finnegan (2009) . Here, the outgoing longwave radiation (OLR) emitted from the Earth and the atmosphere is to be enhanced by thinning or even removing cirrus clouds in the upper troposphere.
Cirrus clouds are characterized by the absence of liquid droplets and are found at high altitudes and temperatures below 235 K (Pruppacher & Klett, 1997) . Covering between 17% (Sassen et al., 2008) and 30% (Rossow & Schiffer, 1999) of the upper troposphere, they play a decisive role for both the water vapor budget of the upper troposphere and the Earth's energy budget (Myhre et al., 2013) . Their net warming effect has been confirmed by analyzing satellite data (Chen et al., 2000; Futyan et al., 2005; Hartmann et al., 1992; Hong et al., 2016; Matus & L'Ecuyer, 2017) , in situ observations (Kienast-Sjögren et al., 2016) , and modeling studies (Gasparini & Lohmann, 2016) .
Two contributions lead to this effect: As cirrus clouds reflect incoming solar shortwave radiation, they cause a certain cooling. By absorbing longwave (LW) radiation from warm sources like the Earth's surface and Based on the debatable (Cziczo et al., 2013) assumption that homogeneous nucleation is the dominant formation process of cirrus clouds, the idea of Mitchell and Finnegan (2009) makes use of the competition between the two nucleation mechanisms. Artificially injected INP in suitable regions could trigger heterogeneous ice nucleation and suppress homogeneous nucleation. Compared to ice crystals in natural cirrus clouds, the ice crystals would in that case occur in much lower number concentrations. As they would also be larger and grow even further, sedimentation would remove them efficiently from the high altitudes, thus reducing cirrus lifetime. In addition, their optical depth would be reduced (Jensen et al., 2016; Kärcher & Ström, 2003) . Both would result in a smaller warming effect. Furthermore, sedimenting ice crystals effectively removes water vapor that is among the most important greenhouse gases.
Several studies using global climate models (GCM) on climatic temporal scales investigated this method with partly contradicting results concerning the method's effectiveness. Hypothetically, removing all cirrus clouds from the atmosphere could compensate more than the effect of CO 2 doubling, resulting in a net cooling effect of 5 to 6 W/m 2 (Gasparini & Lohmann, 2016; Hong et al., 2016) . However, the difference between scenarios where all cirrus clouds originate from either pure homogeneous or pure heterogeneous nucleation, respectively, is about 2 to 3 W/m 2 and thus compensates for at least 50% to 80% of a CO 2 doubling (Lohmann et al., 2008; Storelvmo et al., 2013) . Assuming a background where 50% of all mineral dust acts as INP, introduced artificial INP becoming active at 105% supersaturation. Limiting the seeding to regions with temperatures lower than 235 K results in a significant negative effective radiative forcing with a maximum value of −2 W/m 2 when seeding with 18 particles per liter. Global
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average surface air temperatures were reduced by 1.4 K. Limiting the seeding to winter polar regions, and thereby impact only 15% of the Earth, turns out to be sufficient; as here, due to generally low natural aerosol loading in the upper troposphere (Kärcher & Lohmann, 2003) , homogeneous nucleation might be dominant .In addition, due to reduced or lacking solar radiation caused by low solar angles during polar night, the net radiation effect is maximized . In addition, possible self-enhancing feedback mechanism due to restoring Arctic sea ice cover might further increase the efficacy of the method.
However, Penner et al. (2015) found only about −0.33 ± 0.21 W/m 2 with seeding concentrations of 20 L −1 . They attribute the large differences compared to former studies to different assumptions made. In their simulations, secondary organic aerosol acts as INP subgrid scale updraft velocity is not limited. Likewise, Gasparini and Lohmann (2016) do not find a significant cooling effect due to seeding. In that study, in contrast to others, ice crystal sizes decrease with seeding. This effect more than outweighs the reduction in n ICE . They conclude that ice crystals formed by seeding consume enough excess water vapor to cause decreasing sizes of the remaining crystals. In addition, seeding leads to artificial cirrus cloud formation in supersaturated but cloud-free regions. This effect gains importance, when extraordinarily effective INP are used.
Another type of studies used a prescribed increased sedimentation velocity of ice crystals as proxy for seeding (Crook et al., 2015; Jackson et al., 2016; Muri et al., 2014) . This approach can reproduce surface climate responses to seeding but is unable to capture the changes in cloud microphysical processes that occur when considering seeding aerosol in a cirrus formation parameterization . Applying the latter approach, a large fraction of the seeding effect is outweighed by a reduction in liquid clouds in response to increased convective activity. In addition, redistribution of ice to lower levels leads to glaciation and consequential reduction of mixed-phase clouds causing a warming effect.
Besides searching for configurations that achieve the strongest cooling, it is of at least equal importance to emphasize possible undesirable side effects of seeding cirrus clouds. If too many seeding aerosol particles are injected, cirrus clouds get optically thicker than natural ones, leading to a warming effect . The same occurs when the seeding INP are present in regions dominated by heterogeneous ice nucleation, and they cannot reduce supersaturation enough to prevent nucleation on natural INP (Kärcher et al., 2006) . A crucial assumption within all of the approaches mentioned is the fraction of homogeneous and heterogeneous nucleation in the unseeded atmosphere. Several studies point at homogeneous nucleation being the dominant process in cirrus formation (Mitchell et al., 2011; Spichtinger et al., 2003 Spichtinger et al., , 2004 . However, in situ measurements indicate that, at least over certain regions, n ICE is lower than expected from homogeneous nucleation, indicating that heterogeneous ice nucleation is the main freezing mechanism (Cziczo et al., 2013; Jensen et al., 2013; Krämer et al., 2016) .
The studies mentioned above exclusively used GCMs to investigate the effects of seeding. As vertical wind velocity (w) determines supersaturation, a realistic distribution of w is crucial for obtaining realistic fractions of heterogeneous and homogeneous nucleation (Pruppacher & Klett, 1997) . However, due to the coarse resolution in most GCMs, w remains a large source of uncertainty.
Cirrus seeding in former studies was performed in a straightforward manner, by either prescribing an increased sedimentation as proxy (e.g., Muri et al., 2014) or assuming a "perfect" seeding scenario with regard to the ice nucleation properties of the INP, the concentrations, and the injection into altitudes most susceptible for seeding (e.g., Gasparini et al., 2017; Storelvmo et al., 2013) .
This study aims at getting detailed insight into the cloud microphysical processes affected by more realistic seeding scenarios using the temporal and spatial high-resolution modeling system ICON (ICOsahedral Nonhydrostatic)-ART (Aerosol and Reactive Trace gases; Rieger et al., 2015; Zängl et al., 2015) coupled with a sophisticated two-moment cloud microphysical scheme (Seifert & Beheng, 2006) .
The effects of seeding aerosol with nucleating properties like mineral dust injected in various scenarios into the atmosphere are explored. Furthermore, due to the high resolution, the impact of cirrus seeding on lower-lying mixed-phase clouds can be investigated, as the effect of seeding here has been proposed to outweigh much of the desired outcome .
As several studies find seeding being most effective in polar winter conditions, the focus is on a period of the Arctic winter 2015/2016. During this time, the combined Polar Stratosphere in a Changing Climate (https://www.polstracc.kit.edu)/GW-LCYCLE II (Investigation of the life cycle of gravity waves; http://www.pa.op.dlr.de/gwlcycle2/) / SALSA (Seasonality of Air mass transport and origin in the Lowermost Stratosphere using the HALO [High Altitude and Long Range Research Aircraft] Aircraft) campaign, in the following abbreviated by "PGS," took place and is one of the rare hibernal Arctic airborne field campaigns in the recent past.
Methods
The online coupled modeling system ICON-ART is used. ICON consists of a nonhydrostatic dynamical core and packages of physical parameterizations suitable for numerical weather prediction, climate modeling, and large eddy simulations (Heinze et al., 2017; Zängl et al., 2015) .
The ART module is able to simulate the evolution of atmospheric trace gases and aerosol species and the associated impacts on both cloud microphysics and radiative fluxes (Rieger et al., 2015) . A description of the decisive parts of the model is deferred in the appendix.
Here, the model is operated in a so-called limited area mode. Unlike global modeling systems, only a certain area is selected as simulation domain, and lateral boundary conditions for meteorological variables are updated hourly. This allows the conduction of a large number of computational relatively inexpensive simulations with high spatial and temporal resolution.
However, it is crucial to note that as no two-moment cloud microphysics are applied in the models providing the driving data, no hydrometeor number concentrations are passed when updating the boundaries. Instead, they are determined by dividing mass concentrations by a fixed mean mass of a single hydrometeor.
The spatial resolution is R2B09, corresponding to an effective horizontal mesh size of approximately 5 km and 50 vertical levels reaching up to 20 km hence resulting in a mean distance between the model layers of ∼1,000 m in the upper troposphere and ∼10 m close to the surface. The integration time step is 25 s, and convection is calculated explicitly by the model, that is, no convection scheme is applied.
Choosing a convection-permitting resolution has several benefits. First, a more realistic distribution of vertical velocity is obtained, as the latter strongly depends on horizontal resolution (Rauscher et al., 2016) . As discussed in the previous section, updraft speeds crucially determine the competition between homogeneous and heterogeneous nucleation (Barahona et al., 2017) . Furthermore, a high resolution allows explicit simulation of a larger fraction of clouds, in contrast to GCMs with coarse resolutions.
Case Study
In contrast to earlier modeling studies investigating the impact of seeding aerosol on cirrus clouds, the present study makes use of an entirely different model setup. Due to the high spatial and temporal resolution, a thorough comparison of the simulated atmospheric processes with measurement data is possible. Besides, the present study is one of the few attempts yet of high-resolution modeling of Arctic cirrus clouds. The following analyses are based on a case study. As mentioned before, polar regions are thought to be the most susceptible regions for seeding cirrus clouds due to their low natural aerosol loading, although these findings are still afflicted with uncertainties (Glantz et al., 2014; Xie et al., 2018) , and the absence of solar radiation during polar night. Furthermore, the possible feedback mechanisms might be able to, at least partly, restore sea ice cover and hence increase the overall efficacy of the method . Therefore, the focus is on a limited area including Greenland and parts of the Arctic basin and the Norwegian Sea (Figure 1 ). This region downstream of Greenland can be affected by the formation of orographically induced cirrus clouds (Kärcher & Ström, 2003) . The case covers a single day during Arctic winter (20 January 2016), as on this day, measurement flights connected to the PGS campaign took place over the region, facilitating validation of the simulations.
Natural Aerosol
In this study, time constant, horizontally homogeneous profiles for the three modes (see Table A1 ) of mineral dust and sea salt aerosol are prescribed, obtained from a 2-week spin-up simulation with ICON-ART covering the entire globe. Mineral dust over the Arctic (Figure 2 ) originates from sources far away from the simulation domain, mainly located in the Sahara. Due to the long-range transport, number concentrations are generally low. At altitudes between 8 and 13 km, where cirrus formation is expected, henceforth thus termed as the "cirrus region," number concentrations of mineral dust (n DUST ) for mode A do not exceed 1 to 10 L −1 . Such values agree with those reported in other studies (e.g., Cziczo et al., 2013) . Within the well-mixed planetary boundary layer (PBL), mineral dust that sedimented from above experiences strong dilution, resulting in low average values of n DUST for mode A around 1-2 L −1 .
The highest values for n DUST are located just above the PBL between 2 and 5 km above ground, reaching approximately 120 L −1 for the smallest mode A (Table A1 ) and decaying strongly with height beyond. Prior to the date considered for this study, a special synoptic situation led to an unusual, intense warming of the Arctic region north of Europe. Subtropical air was transported poleward due to an intense low-level jet and reached the area north of Svalbard within the outflow of a warm conveyor belt (Binder et al., 2017) . Due to low temperatures at the ground of the region forming a layer of cold air, the dust-laden, warmer air masses were forced to rise, causing the maximum mineral dust concentrations at altitudes between 2 and 5 km.
As mean dust aerosol diameters do not change much with height, values constant with height for each mode are prescribed according to Table A1 .
In order to gain more confidence about the mineral dust concentrations used, simulations are carried out varying the profiles for the three modes by orders of magnitude according to Table 1 . For a first comparison, data gathered from the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite (Winker et al., 2007 ) is used. The satellite is one component of the A-train satellite constellation (Stephens et al., 2002) . With an orbit inclination of 98.2
• , daily measurements over the polar regions up to 82
• N are available. Aboard the satellite, the Cloud-Aerosol Lidar with Orthogonal Polarization instrument (Hunt et al., 2009; Powell et al., 2009 ) is mounted, measuring backscatter at wavelengths of 1.064 and 0.532 m, respectively; thus, as not reliant upon solar radiation, it is able to gain data also during polar night. In the following, the data analyzed are based on the retrieval for the extinction coefficient at 0.532 m from v3 Cloud-Aerosol Lidar with Orthogonal Polarization Level 2 Profile Cloud product available through the NASA Langley Atmospheric Science Data Center (http://eosweb.larc.nasa.gov) with a horizontal resolution of 5 km.
In Figure 3 , a comparison of the CALIPSO extinction coefficient retrieval for ice clouds only and the simulations listed in Table 1 is done. The simulated extinction coefficient for the nearest wavelength band (0.550 m), calculated as described in section C, is used, that is, no instrument simulator or forward operator is applied. Values of the grid cells nearest to the geolocations of the CALIPSO retrieval are compared and sampled for all swaths of CALIPSO during the 24-hr integration time of the simulations.
Throughout the chosen codomain of both temperature and extinction coefficient, all simulations and the observation agree reasonably well within the temperature range between 225 and 255 K. However, as indicated by the contour in Figure 3b , HET1 overestimates the frequency of occurrence of extinction coefficients larger than 1 km −1 at temperatures below 225 K, that is, at higher altitudes. This hints at cirrus clouds in the simulation being too optically tick, caused be either overestimated ice water content (IWC) or too small ice crystals and overestimated values for n ICE . The latter may be caused by homogeneous nucleation being too dominant. Prescribing strongly enhanced number concentrations of mineral dust, as in simulations HET100 and HET1000 leads to suppression of homogeneous nucleation and hence results in fewer but larger ice crystals and reduced optical thickness.
At temperatures above 260 K, the extinction coefficient is strongly underestimated, that is, the model underestimates both IWC and n ICE . Here, enhanced values for n DUST do not reduce the deviations. This may at least partly attributed to the absence of other possible INP except mineral dust in the simulations. Throughout the further analyses, HET1, that is, prescribing mineral dust according to Figure 2 without a scaling factor will be considered as the reference (REF) . However, it is important to note that due to lack of measurements, there is large uncertainty concerning these values. Therefore, the fraction of homogeneously nucleated ice crystal and n ICE may be overestimated in this study.
Supersaturation
Focusing on the hibernal Arctic makes model validation a challenging task. Most satellite sensors are unable to gather data in the absence of solar radiation during polar night, and in situ measurement campaigns usually are not conducted in winter, presumable by virtue of similar reasons. Providentially, during the PGS campaign, both in situ and remote sensing data were gathered on numerous flights of the two DLR (Deutsches Zentrum für Luft-und Raumfahrt) research aircraft HALO and Falcon. Among other objectives, the campaign aimed at investigating the structure and composition of the Arctic upper troposphere and lower stratosphere, chemical and physical processes leading to Arctic stratospheric ozone depletion, and transport and mixing processes in the upper troposphere and lower stratosphere (UTLS) at high latitudes (e.g., Khosrawi et al., 2017) . In the following, analyses are performed for 20 January 2016, the day on which PGS flight 8 was carried out.
The very basis of ice crystal nucleation is water vapor supersaturation with respect to ice. To simulate realistic cloud formation, a crucial requirement for atmospheric models is therefore that they generate realistic distributions of humidity. However, also in this context, model validation is challenging. While there are in situ measurements of humidity in the UTLS region with high time resolution and accuracy available (e.g., Krämer et al., 2009) , they are limited to the flight tracks of their carriers. In contrast, data obtained from large-scale satellite observations suffer from a limited vertical resolution (Lamquin et al., 2012) .
During PGS, HALO was equipped with the GLORIA (Gimballed Limb Observer for Radiance Imaging of the Atmosphere) instrument. GLORIA is a limb-imaging Fourier transform spectrometer with its line of sight penetrating horizontally the Earth's atmosphere tangential to the Earth's surface. It is a remote sensing instrument, especially designed to measure vertical profiles of trace gases like water vapor with high accuracy and with a high spatial resolution in the UTLS. Details about GLORIA are discussed by Friedl-Vallon et al. (2014) and Riese et al. (2014) . For the comparison in this study, the cloud index (Spang et al., 2004) and retrievals of water vapor (H 2 O) and temperature based on "chemistry" mode measurements are used.
The cloud index (Spang et al., 2004 ) is a spectral color ratio applied to infrared limb observations and is sensitive to increasing opacity in the presence of clouds. Usually, cloud index values close to 1 indicate opaque conditions due to optically dense clouds, while cloud index values above 4 indicate cloud-free conditions. Values in between indicate partly cloud-affected conditions due to the presence of partly transparent clouds or measurements with the instrument's field of view covering clouds only partly. The GLORIA cloud index data for PGS08 show clearly distinguished cloud patterns below flight altitude and are therefore well suited for a qualitative comparison with ICON-ART with respect to the locations and extents of clouds.
The water vapor volume mixing ratio and temperature are retrieved from the GLORIA observations involving a radiative transfer model and inversion algorithm (Johansson et al., 2018 , and references therein). Furthermore, relative humidity is calculated from the GLORIA temperature and water vapor data. With GLORIA measurements affected by opaque clouds, that is, cloud index close to 1, no atmospheric parameter retrieval is possible. Hence, gaps result in the GLORIA temperature, water vapor, and ice supersaturation data in the presence of clouds. Moderate vertical resolutions of typically 0.5 to 1 km were achieved for the retrieved profiles. Data points with vertical resolutions lower than 2.0 km are excluded here. 
Only where hom. nuc. can be suppressed √ TRGT2 6.7 Only where
Note. Mineral dust concentrations for all simulations are prescribed according to the profiles depicted in Figure 2 ; the seeding aerosol concentrations follow the profile shown in Figure 6 , unless otherwise stated. Figure 4a shows the GLORIA cloud index data for the selected flight section. Gaps in the data correspond with a flight section where GLORIA was operated in a different mode (about 17:00 to 18:15 UTC) and time intervals of calibration measurements. Figure 4b shows a cloud mask generated from the model data along the geolocations of the GLORIA data, including also data where gaps are present in the measurement. This comparison is limited and can only be qualitative, as GLORIA cloud index and the cloud mask of the model are physically different quantities. The GLORIA data show dense clouds, that is, cloud index close to 1, around 15:40 UTC and shortly after 16:30 UTC. An optically less dense cloud is visible close to 19:00 UTC. All three observed cloud systems are reproduced by the model; however, they appear slightly displaced horizontally. Differences in the locations and fine structures of the clouds are explained by the distinct dynamics inherent to the forecast. The comparison of relative humidity derived from the GLORIA and model data is shown in Figures 5a and 5c/5e. Relative humidity well below 1 (blue) is consistently found in regions characterized by low stratospheric water vapor volume mixing ratios (Figures 5b and 5d/5f) and free of clouds (Figure 4) . Both GLORIA and model data show enhanced relative humidity in the respective regions covered by clouds and their close vicinity. In context of the slightly different locations and patterns of cloud systems in observation and simulation, values of relative humidity simulated by the model match also very well with the GLORIA measurements. Therefore, the prerequisites for this model study are given.
Influence of Seeding
Various substances have been proposed to be used as INP for cirrus seeding. Ideally, the substance of choice should be very effective at nucleating ice at temperatures lower than −20
• C but ineffective at higher temperatures. Furthermore, it should be nontoxic and affordable. Several studies assumed seeding scenarios with such a perfect substance (e.g., Gasparini et al., 2017; , hence disregarding methods of deployment but rather assuming that the aerosol particles were in place in necessary concentrations. Suitable agents could be Bismuth tri-iodide (BiI 3 ; Mitchell & Finnegan, 2009 ) and mineral dust . However, not much is known about the ice nucleation properties of BiI 3 from laboratory studies or even field measurements, whereas mineral dust has been investigated to a much greater extent (e.g., Atkinson et al., 2013; Boose et al., 2016; Eastwood et al., 2008; Niemand et al., 2012) . Therefore, in this study, the impact of a hypothetical deployment of seeding particles with ice-nucleating properties like mineral dust is examined.
Commercial aircraft could be a suitable means for delivery, being both affordable and already flying at the desired altitudes. Possible technical solutions could be either carrying the substance dissolved in the jet fuel and burn it to create the seeding aerosol or by injecting the substance into the engine exhaust forming the seeding aerosol in the jets' contrails (Mitchell & Finnegan, 2009) . In this study, this idea of deployment is mimicked. To obtain an average height profile, a spin-up simulation of 2 weeks was performed, where deployment of the aerosol took place alongside aircraft trajectories at cruise altitude throughout the Northern Hemisphere. The trajectories were obtained using traffic way point information from Automatic Dependent Surveillance-Broadcast transponders on commercial airliners according to the method described in Gruber et al. (2018) .
The average height profile of the seeding aerosol number concentrations (n SEED ) in the limited model area domain is depicted in Figure 6 . Despite the absence of commercial flights over most parts of the Arctic region, the maximum concentration of seeding aerosol is located at the main cruise altitudes between 10 and 13 km. These high concentrations result from long-range transport, mostly due to the strong hibernal jet stream. Beneath, the concentrations drop about an order of magnitude, remaining largely at a constant value throughout the lower free troposphere. In the PBL, the aerosol is diluted due to turbulent processes and removed from the atmosphere by deposition and washout.
The scenarios evaluated in the following are summarized in Table 1 . For all scenarios except REF, temporally constant and horizontally homogeneous seeding aerosol concentrations are prescribed following the profile shown in Figure 6 . In contrast to former studies (e.g., Gasparini et al., 2017; , the seeding aerosol can also form ice at temperatures above 235 K. Hence, in addition to SEED, where seeding can possibly occur at all temperatures below freezing level, results of two highly idealized, more targeted strategies are examined. In TRGT, the same concentrations and aerosol sizes as in SEED are assumed to be in place only where homogeneous nucleation would occur, thus avoiding formation of artificial cirrus clouds in supersaturated but cloud-free regions and theoretically achieving the maximum possible elimination of cirrus clouds. Additionally, in TRGT2, seeding aerosol is only forming ice below temperatures of 235 K similar to the setup used in former studies. The discussion of the latter can be found in Appendix D.
Change in Nucleation Regimes
The averaged rate of heterogeneous nucleation occurring in areas with T < 235 K in REF is depicted in Figure 7a1 . In the chosen temperature regime, homogeneous nucleation is possible and hence can be suppressed by heterogeneous nucleation on both natural and artificial INP indicated by ratios of heterogeneous to homogeneous nucleation rates close to unity. In REF, this occurs at the southern tip of Greenland, the northern parts of Canada, and in the region north of Scandinavia (Figure 7a3 ). Those areas are characterized by rather low average grid scale RH ICE (Figure 8a ) and updraft speeds (Figure 8b ). In areas with either enhanced RH ICE or strong updraft speeds, especially east of Greenland, homogeneous nucleation clearly dominates the formation of cirrus clouds (Figure 7a2 ).
Obviously, as heterogeneous nucleation is ubiquitous in the SEED scenario (Figure 7b1 ), homogeneous nucleation can be suppressed entirely throughout the domain (Figure 7b2 ), except for areas in the central and eastern Arctic. Apparently, even with seeding, either vertical velocity or supersaturation is large enough to still allow homogeneous nucleation to dominate in these regions. For the chosen situation, the large-scale flow crossing Greenland from southwest to northeast aids the formation of topography-induced lee waves Figure 7 . Heterogeneous (a1, b1, c1) and homogeneous nucleation rate (a2, b2, c2) and ratio of heterogeneous to homogeneous nucleation rates (a3, b3, c3) at T < 235 K for reference simulation (a1-a3), SEED (b1-b3), and TRGT (c1-c3) averaged over the entire domain and simulation time.
that in turn cause small-scale fluctuations in supersaturation, partly exceeding 2.0 (not shown). This in turn enhances homogeneous nucleation rates to such an extent that the present concentrations of seeding aerosol are too low to inhibit homogeneous nucleation. Nearly the same patterns can be found in TRGT, except for heterogeneous nucleation rates being lower over large parts of the domain, especially south of Greenland and the North Sea (Figure 7c1) . In those regions, homogeneous nucleation rates are generally low in REF (Figure 7a2) , that is, there is less need to suppress it.
Impact on Cirrus Clouds
The primary impact of seeding is the reduction of n ICE , indicated in Figure 9a by large differences in column-integrated n ICE for SEED and REF in regions with T < 235 K. Here, the concept of seeding cirrus clouds works as intended. However, only minor reductions or even an increase in column-integrated n ICE occur south of Greenland and north of Svalbard, as those regions were dominated by heterogeneous nucleation already in REF (Figure 7a3) . A moderate decrease in n ICE occurs over northern Canada (Figure 9a ), although heterogeneous nucleation partly is dominant in REF (Figure 7a3) . However, the seeding effect still appears, as over this region, homogeneous nucleation rates are high (Figure 7a2 ).
In TRGT, the reduction in n ICE is slightly enhanced (Figure 9b ) compared to SEED. Also here, formation of artificial cirrus occurs, although to a weaker extent than with SEED. By construction, seeding aerosol act in this case as INP only where homogeneous nucleation can be suppressed. However, due to changes in cirrus cloud cover, relative humidity, and subsequent changes in stability and supersaturation downstream, the time, location, and frequency of occurrence of cirrus clouds can change in TRGT compared to REF.
A possibly undesirable effect of seeding is formation of artificial cirrus clouds in formerly supersaturated but cloud-free regions . This effect possibly can outweigh the reduction of n ICE due to suppression of homogeneous nucleation. In SEED, a strong increase in n ICE can be found in the temperature regime between 235 and 273 K (Figure 9c ). As here, no homogeneous nucleation can happen and natural INP concentrations are generally low throughout the upper altitudes, injecting artificial INP has a strong impact. However, the column-integrated n ICE also decreases on occasion due to enhanced upstream consumption of excess water vapor by the ice crystals formed on the seeding aerosol. For the same reasons as discussed above, artificial cirrus also form in TRGT (Figure 9d ) but to a smaller extent.
Vertical profiles of several cirrus properties averaged over the entire domain and simulation time are depicted in Figures 10a-10d . In Figure 10a , n LIM is the minimum number concentration of ice crystals formed by heterogeneous nucleation in the reference simulation that still is able to inhibit homogeneous nucleation (Barahona & Nenes, 2009b) . At altitudes where high values of n ICE are present, n LIM is lower than about 5 L −1 (at 8 km) and increases strongly with height. The optimal n SEED can be chosen in accordance to n LIM . In this study, seeding particles are assumed to be similar to mineral dust, with a freezing efficiency of only about 0.05 (Pruppacher & Klett, 1997) . Therefore, a reasonable agreement is found for effective values of n SEED in this study being about 20 times higher compared to former studies assuming perfect INP, that is, having a freezing efficiency of 1 Storelvmo et al., 2013) . In these studies, optimal values n SEED were found ranging from 10 and 100 L −1 .
In REF, the highest values of n ICE exceeding 200 L −1 are found at altitudes between 8 and 13 km (Figure 10a ).
Both seeding strategies lead to a remarkable reduction of n ICE throughout nearly the entire atmosphere between 3-and 13-km height. In the levels with the highest values of n ICE in REF, seeding leads to ice crystal number concentrations below 50 L −1 , corresponding to a reduction to about 25% of n ICE in REF.
Interestingly, the reduction of n ICE in SEED is stronger than in TRGT, that was designed to be of the higher efficiency. Apparently, seeding according to TRGT can only inhibit homogeneous nucleation where it is about to occur, whereas with SEED, additionally artificial cirrus clouds are formed in regions where supersaturation is too low for homogeneous nucleation, thus on one hand leading to additional cirrus clouds but concomitantly reducing supersaturation, hence inhibiting homogeneous nucleation further downstream. Besides a strong reduction of n ICE , also remarkable changes in IWC are found with seeding in both scenarios ( Figure 10b ). As described above, heterogeneous ice nucleation due to seeding and subsequent sedimentation reduce IWC by about 2.5 to 1.5 mg/m 3 , corresponding to a reduction of up to 60%.
Besides reducing n ICE and IWC of ice crystals in cirrus clouds, it is furthermore desirable to increase the ice crystal effective radius (r e ) of the remaining ice crystals, as increased mean ice crystal sizes lead to a decreased extinction coefficient and thus reduced cloud optical thickness. In REF, r e in the cirrus region is around 10 m (Figure 10c ). Contrary to former studies, a small increase due to seeding is found in both seeding scenarios. So far, r e was found to either strongly increase (Storelvmo et al., 2013) or rather decrease (Gasparini & Lohmann, 2016) . The minor increase of about only 1 m, compared to up to tenfold values in Storelvmo et al. (2013) , can be attributed to generally smaller values due to different parameterizations used for calculating both r e and the sedimentation of ice crystals. Apart from this, although n ICE obviously is reduced strongly (Figure 10a ), only a small absolute reduction in IWC is found, as values are low already in REF (Figure 10b) .
However, the response of ice crystal properties to seeding is more complex than only the average decrease in n ICE and IWC leading to an increase in r e . Therefore, in Figure 11 , size distributions of ice crystals, averaged over the cirrus region, are depicted. Consistent with the findings above, the reduction in number concentration is much larger than the average growth in size, as for both seeding strategies, peak number concentrations decrease strongly, whereas the shift to larger mean sizes is hardly evident. Nevertheless, number concentrations of ice crystals with very small sizes decrease strongly with TRGT and even more with SEED. In contrast, number concentrations of ice crystals larger than about 200 m are reduced only marginally, and compared to the overall distinct decrease, ice crystals number concentrations with sizes above 20 m are less strongly reduced, indicating a higher frequency of occurrence of larger crystals, thus broadening the distribution toward larger sizes. This effect is more pronounced when applying the TRGT seeding strategy that, by construction, removes more of the small ice crystals arising from homogeneous nucleation.
Former studies pointed at the importance of reducing cirrus cloud cover (CC) with seeding Mitchell & Finnegan, 2009; Storelvmo et al., 2013) . However, compared to those, in both SEED and TRGT, CC decreases only marginally in cirrus levels (Figure 10d ). However, in the simulations presented here, it is nearly impossible to reduce CC by seeding, as the integration time of 24 hr is too short for sedimentation of smaller ice crystals dehydrating the upper troposphere to a significant extent. Furthermore, a certain contribution from the unseeded lateral boundaries leads to on average diminishing reductions of humidity (Figure 12c ). In addition, the seeding aerosol number concentrations change with height but are horizontally homogeneously distributed. Therefore, even when n SEED is high enough to suppress homogeneous nucleation, heterogeneous nucleation still occurs and thus the reduction of cloud cover is small.
In a former study, although in the global mean, increased convective activity due to seeding cirrus clouds was found . However, during Arctic winter, characterized by low temperatures and lack of incoming solar radiation, convective activity is low (Figure 12a ) and the troposphere is stably stratified (Figure 12b) . In contrast to Gasparini et al. (2017) , in the upper troposphere, convective activity in both SEED and TRGT is reduced by up to one third ( Figure 12a ) and stability is slightly increased (Figure 12b ). This hints at a self-enhancing feedback mechanism. Thinning cirrus clouds reduces cloud top cooling, causing increased stability and less turbulence. Small-scale, turbulent fluctuations in w build up supersaturation high enough for homogeneous nucleation; hence, reducing the turbulent activity can aid in suppressing homogeneous nucleation and thereby leading to optically thinner cirrus clouds.
Impact on Mixed-Phase Clouds
In most of the former studies investigating the effects of introducing INP for cirrus seeding, the response of mixed-phase clouds was not considered (Gasparini & Lohmann, 2016; Storelvmo et al., 2013) . In this study, seeding aerosol particles only act as INP, so no direct impact on activation of cloud droplets is possible. Nevertheless, due to the presence of additional INP at lower levels, combined with increased sedimentation of ice crystals from above, second-order changes within mixed phase clouds are occurring.
In Figure 10b , IWC in REF is highest at lower altitudes just above the PBL and strongly decreases with height. At altitudes between 3.5 and 9 km, as in the cirrus region, heterogeneous ice nucleation due to seeding and subsequent sedimentation of formed ice crystals leads to a decrease in IWC. As homogeneous nucleation at these altitudes occurs less frequently than above, thinning out ice clouds via suppression of homogeneous nucleation occurs more rarely in TRGT compared to SEED.
At altitudes between 5 and 8 km, ice cloud cover sightly increases in SEED, as at these altitudes heterogeneous nucleation forms artificial cirrus clouds. With regard to achieving maximum cooling, any additional CC reduces the primary cooling effect, as outgoing LW radiation is trapped. However, the compensating effect is smaller, the further down the clouds form, as lower-lying clouds emit LW radiation at higher temperatures than colder high-level cirrus clouds.
A slight increase of IWC is found in SEED at lower altitudes up to 3.5 km, as the seeding aerosol, although only present in low number concentrations, leads to additional artificial ice crystal formation in mixed-phase clouds. However, compared to changes in n ICE at higher altitudes, hardly any change can be found here (Figure 10a ), as n SEED is rather low. Nonetheless, within these low altitudes, more humidity is available than above, amplifying growth by deposition as well as glaciation effects, that is, riming of cloud droplets onto preexisting ice crystals, as well as the Wegener-Bergeron-Findeisen process (e.g., Fan et al., 2011) . In SEED, this process effectively removes cloud droplets, resulting in a strong decrease in CC of liquid clouds of up to 4.5% within the PBL, corresponding to a reduction by one third (Figure 13) . Notably, also the highest altitude where cloud droplets occur at all decreases by about 1 km. Longer integration time and hence mounting redistribution of ice crystals from higher altitudes due to sedimentation is expected to reduce liquid cloud cover even further.
As riming occurs regardless of the cloud droplet size, hardly any change in droplet size distributions is found (not shown). Furthermore, changes in n CLD , LWC, and r e are small and without a clear trend (not shown). In TRGT, seeding aerosol is active only where necessary to inhibit homogeneous nucleation; hence, barely any change in IWC can be found at lower levels (Figure 10b ), as heterogeneous nucleation is dominant due to both higher temperatures and higher concentrations of n DUST inhibiting homogeneous nucleation already. Especially, instead of a reduction in liquid CC at very low levels, even a small increase is found (Figure 13 ). This strengthens the finding that the secondary effect of seeding is due to introducing additional INP changing ice crystal properties and frequency of occurrence also at low altitudes.
Sensitivity to Concentration and Size of Seeding Aerosol
Both the amount and size of the seeding aerosol particles crucially determine the response of both cirrus and mixed-phase clouds to seeding. The efficiency of INP increases strongly with their surface area as the latter increases quadratically with particle size. However, with respect to seeding of cirrus clouds, finding the optimal size of the seeding aerosol particles is difficult. Using larger, more efficient particles, n SEED can be lower than with smaller particles. Hence, as larger particles sediment faster with the fall speed increasing approximately quadratically, too, the effects of increasing efficiency and increasing sedimentation might compensate each other . However, in this study, the aerosol particles neither get advected or sediment nor they are scavenged during the nucleation process; n SEED remains constant. This, to some extent, mimics a consecutive injection of seeding aerosol to retain an already built up homogeneously distributed profile. Despite the higher efficiency of larger particles, from a technical implementation point of view, smaller particles and thus less total mass might be favored. Therefore, the impact of varying d SEED , listed as DIA0.5 until DIA14.2 in Table 1 , is examined. As the choice of values for d SEED is somewhat arbitrary, the same values as for mineral dust are assumed. In addition, the effect of very small (d SEED = 0.5 m) particles is investigated in DIA0.5. For simplicity and better comparison, the same profile of n SEED according to Figure 6 is assumed for all scenarios.
In Figure 14a , averaged vertical profiles of n ICE in response to seeding with changing d SEED are depicted. As expected, reduction in n ICE within the altitudes where cirrus clouds are present is largest for the larger d SEED . However, the largest aerosol particles with d SEED = 14.2 m (red) seem to be slightly less efficient than the second largest ones (d SEED = 6.7 m, orange) with respect to reducing n ICE (Figure 14a ), IWC (Figure 14b) , and CC (Figure 14d ) as well as increasing r e (Figure 14c ) in the cirrus region. As d SEED is more than doubled from DIA6.7 to DIA14.2, the nucleation effectivity increases by a factor of 4. As furthermore n SEED is the same in both scenarios, consequently four times as many ice crystals can be formed in DIA14.2 compared to DIA6.7, leading to a smaller net reduction in n ICE . Apparently, for DIA14.2, the prescribed n SEED is too large, resulting in a beginning overseeding. As the excess water vapor is distributed on more, and initially larger, ice crystals compared to DIA6.7, their subsequent growth is reduced. In contrast, with smaller d SEED of 0.5 and 1.5 m, only a moderate reduction of n ICE is found in Figure 14a , as both scenarios are unable to suppress homogeneous nucleation entirely (not shown). Consequently, also the reduction in IWC (Figure 14b ) and CC (Figure 14d ) and the increase of r e are less distinct compared to seeding with larger particles in Figure 14c .
At lower altitudes, where mixed-phase clouds are present, changes in cloud microphysical properties of both liquid and frozen hydrometeors are strongest when injecting the largest seeding aerosol particles ( Figure  E1 ). Here, the higher water vapor content is not limiting the growth of ice crystals formed by seeding. Consequently, changes within the liquid phase as described in section 4.3 are enhanced when using the seeding aerosol particles with the largest d SEED .
Sensitivity to Background Mineral Dust
As discussed in section 3.1, varying the background mineral dust number concentrations has a certain impact on the fraction of homogeneous to heterogeneous nucleation and therefore on n ICE . This in turn governs the efficacy of seeding that can only have the desired outcome when, in the predominant absence of natural aerosol, additional seeding aerosol can inhibit homogeneous nucleation. Therefore, the scenarios listed in Table 1 are compared with corresponding simulations including seeding aerosol according.
As the background dust concentrations are generally low in the UTLS region (Figure 2a) , even hundredfold values (HET100) are too low to inhibit homogeneous nucleation. However, homogeneous nucleation is reduced strongly, hence leading to lower values of n ICE in the cirrus regime, when increasing n DUST by a factor of 10 3 (HET1000).
It is important to note that absence of mineral dust (HET0) does not lead to the highest n ICE . This is due to homogeneous nucleation bursts reducing supersaturation strongly that in turn can negatively impact environmental conditions for nucleation downstream and additionally leading to enhanced evaporation of ice crystals in now subsaturated air masses. Furthermore, although only homogeneous nucleation can happen here, the results are strongly determined by the initial values of n ICE at initialization and when updating the boundaries obtained by dividing the initial IWC by a constant mean mass for single ice crystals. Apparently, the chosen value here leads to a certain inhibition of in-cloud homogeneous nucleation that only can happen when very few preexisting ice crystals are present.
However, with seeding, n ICE in the cirrus regime is reduced to similar values independently from n DUST (Figure 15a ). Likewise, IWC is reduced by similar amounts (Figure 15b ). Therefore, seeding cirrus clouds proves to yield the desired effect over a rather wide range of possible values for n DUST , although it is crucial to note that the efficacy scales strongly with background aerosol concentrations.
As n DUST is already high at low altitudes, increasing the latter strongly by scaling reduces liquid cloud cover ( Figure E2 ). Here, enhanced riming rates are already high in the reference simulations, that is, additional seeding aerosol and sedimented ice crystals have a negligible impact.
Impact on Heating Rates
Changes in cloud cover, effective radius, and IWC and LWC have an impact on the radiative fluxes that can be characterized by their divergence, resulting in changing heating rates. In REF, the averaged vertical profile of LW cooling rates (ddT LW ) in Figure 16 has distinct maxima just above the major layers of both ice and liquid clouds characterized by cloud cover (Figures 10d and 13 ) as well as IWC (Figure 10b ) and LWC (not shown). Notably, the peak of cooling within the PBL is found with similar values also during Arctic spring and fall (Harrington et al., 1999) . The impact of cirrus clouds is in agreement with theoretical studies assuming similar IWC of cirrus clouds (Schmidt & Garrett, 2013) but underestimated compared to other studies using either different radiative transfer algorithms (Baer et al., 1996) or rather observation-based calculations focusing on convective cirrus in the tropics (McFarlane et al., 2007) . Discrepancies compared to the latter, however, might be explained by much lower temperatures during the Arctic winter of both the surface and the air above, causing only small total LW fluxes.
For SEED and TRGT, ddT LW is depicted as difference to the values of REF in Figure 16 . For both scenarios, a net warming, that is, decreasing LW cooling is found within the cirrus region.
Arctic mixed-phase clouds are self-regulating due to buoyancy mixing generated by cloud top cooling (e.g., Morrison et al., 2012) . Overlying cloud layers such as cirrus suppress this cooling, that is, weakening the stratocumulus (e.g., Verlinde et al., 2013) . Therefore, a positive and stabilizing feedback on mixed-phase clouds could be induced by thinned cirrus clouds leading to enhanced cloud top cooling at altitudes below. This effect can be found in TRGT, indicated by slightly stronger LW cooling at low altitudes ( Figure 16 ) and a small increase in both liquid ( Figure 13 ) and ice (Figure 10d ) CC. In SEED, however, removal of cloud droplets by riming and hence strong glaciation and removal of the liquid phase dominates.
Impact on Radiation
A number of simulations were carried out varying both n SEED and d SEED .
The resulting changes in OLR averaged over the entire integration time and simulation domain are shown as solid lines in Figure 17 . Variation in n SEED is performed by simply scaling the profile shown in Figure 6 . The values of n SEED on the abscissa of Figure 17 mark the "peak concentrations" of the concentration profiles at altitudes of about 12 km. The SEED scenario discussed in sections 4.2 and 4.3 with n SEED = 10 3 L −1 and d SEED = 6.7 m is among the most effective choices, increasing OLR by 7.00 ± 0.31 W/m 2 . Due to its smaller efficacy, the increase in OLR in the idealized TRGT scenario is only 5.80 ± 0.30 W/m 2 . A major concern in former studies is so-called overseeding, that is, a positive radiative forcing resulting from prolonged lifetime or decreasing r e of cirrus clouds due to seeding (Gasparini & Lohmann, 2016; Storelvmo et al., 2013) . However, in this study, negative changes in the net OLR at TOA occur only when injecting both larger and very high number concentrations of seeding aerosol particles. Notably, this effect is found only with unrealistic values of n SEED as high as 10 5 L −1 , comparable to the number concentrations of ubiquitous sulfate droplets. As expected, when using larger aerosol particles, lower number concentrations are sufficient to achieve a similar enhancement of OLR compared to seeding with smaller particles.
Increasing upward fluxes of LW radiation at the Earth's surface cools the latter. Keeping in mind that the overall cooling effect of cirrus thinning on the climate system can be amplified by exploiting the self-enhancing polar sea ice albedo feedback (Holland & Bitz, 2003) , this is a desired secondary effect of cirrus seeding. As discussed before, besides thinning cirrus clouds, injecting seeding aerosol also reduces mixed-phase clouds. Therefore, also, the net flux of LW radiation at the Earth's surface (SFC) is examined, depicted as dashed lines in Figure 17 .
Here, the change in the surface LW net flux in the SEED scenario is 4.23 ± 0.39 W/m 2 . As for TRGT, in which hardly any changes in mixed-phase clouds occur, the increase in LW net flux at the surface is only 1.10 ± 0.05 W/m 2 . For n SEED up to 10 3 L −1 , larger aerosol particle sizes lead to stronger increase in net LW radiation flux at the surface, as liquid cloud cover is reduced more strongly than with smaller sizes. In contrast, for even larger values of n SEED , smaller seeding aerosol particles are more effective. This is predominantly due to enhanced redistribution of water vapor to the ice phase and riming, which strengthens the reduction in liquid cloud cover. For larger, hence more effective, INP, this effect is outweighed by an overseeding effect, that is, the reduction in ice crystal r e resulting from strong increase of n ICE .
The averaged changes in radiative fluxes for the simulation with modified mineral dust concentrations mentioned in section 4.5 are listed in Table 2 . Here, changes in both OLR at TOA and SFC are large for the cases without (SEED HET0) or with low n DUST (SEED HET1, SEED HET10). Here, seeding has a large impact on both cirrus clouds and on mixed-phase clouds. In case of higher mineral dust concentrations, Note. TOA = top of the atmosphere; SFC = surface.
efficacy of the method decreases strongly. For the extreme case assuming 10 3 × n DUST (SEED HET1000), except for a reduction in n ICE , properties of both ice clouds (Figures 15a-15d ) and liquid clouds ( Figure E2 ) remain merely unchanged. Consequently, no cooling, but even a slight warming is found. This finding highlights the importance of knowledge about a realistic aerosol background for a correct assessment of the method's efficiency.
Finally, a rough approximation of the seeding aerosol mass necessary to establish a vertical profile, as depicted in Figure 6 , for different choices of n SEED and d SEED is presented in Figure 18 . The lines read as either column-integrated mass per square meter for the left axis or as total mass necessary to seed the entire Arctic region (i.e., north of 60 • N). In Figure 17 (Kiselev et al., 2017) , lower concentrations are sufficient compared to smaller particles. This hints at an approximately constant total number of active sites throughout the different scenarios. A similar pattern can be found for the threshold toward "overseeding", that is, a decrease in OLR at TOA instead of an increase. Here, the critical column-integrated mass is about 10 g/m 2 or rather 10 11 to 10 12 kg mass in total. These connections might provide a possible simple estimate of the efficacy of seeding Arctic cirrus clouds. However, a less distinct correlation can be found for the maximum change of the surface LW net flux that rather seems to depend on n SEED than on the total mass. 
Conclusion
In this study, cloud-resolving simulations were performed with the atmospheric modeling system ICON-ART coupled with a comprehensive and detailed cloud microphysical scheme.
Comparison to measurement data obtained from several sources yield reasonable agreements. Especially, the distribution of humidity, which strongly determines cloud formation in the upper troposphere, is reproduced well compared to data gathered during the Polar Stratosphere in a Changing Climate campaign by GLORIA.
The model is applied to clarify the cloud microphysical processes accompanied by injecting artificial aerosol particles into the UTLS region with the aim of modifying cirrus clouds in the framework of climate engineering. Focusing on the hibernal Arctic region has turned out to be most promising; as here, due to lack of incoming solar radiation, cirrus clouds have only warming effects, and removing or thinning them yield the maximum possible cooling effect. Former studies of cirrus thinning were performed with either a simple proxy for actual seeding and/or used GCMs with much coarser horizontal resolutions Muri et al., 2014; focusing on anomalies in global radiative forcing.
In addition, in this study, a somewhat more realistic scenario of injecting seeding aerosol with ice nucleation properties like mineral dust is investigated by applying a vertical profile of seeding aerosol number concentrations obtained from a separate simulation assuming injection of the seeding material along commercial flight trajectories and subsequent dispersion into the Arctic region. However, also in this study, the seeding aerosol particles are prescribed and not removed via nucleation or sedimentation.
The primary effect of seeding, that is, the reduction of ice crystal number concentrations and IWC is found to be predominant compared to only small increases of the ice crystal effective radii and minor reductions in cirrus cloud cover. Furthermore, it turns out that only inhibiting homogeneous nucleation, where it is about to occur (TRGT), is less effective than seeding everywhere (SEED). The latter scenario admittedly leads to formation of additional cirrus clouds but concomitantly reduces supersaturation, hence inhibiting homogeneous nucleation further downstream. Those findings are partly contradictory to former studies that found either large changes in IWC and r e (e.g., or a slight increase of the latter (Gasparini & Lohmann, 2016) .
The impact of cirrus seeding on the LW radiative fluxes is twofold. First, an increase in OLR at the TOA occurs due to reduced ice crystal number concentrations within cirrus clouds. This effect is present over a wide range of assumed number concentrations and sizes of the seeding aerosol and maximized for number concentrations of 10 3 L −1 and rather large particles. Furthermore, an amplifying secondary effect is found. Mostly due to the enhanced heterogeneous nucleation on seeding aerosol particles present also at lower altitudes, a redistribution of water vapor in favor of the latter and enhanced riming of cloud droplets occurs, leading to a reduction or glaciation of originally mixed-phase clouds. Reduced liquid cloud cover leads to enhanced upward LW fluxes at Earth's surface, hence generating additional cooling there. Furthermore, throughout the simulations, the efficacy of seeding on cirrus clouds is only weakly sensitive to changes in mineral dust concentrations, as long as the latter are not increased to very high values. In contrast, the observed reduction in liquid cloud cover only occurs with low background mineral dust concentrations. For low number concentrations of the seeding aerosol, efficacy drops quickly. In contrast, overseeding is hardly found, with the exception of very large aerosol particles and very high number concentrations close to the concentration of sulfate aerosol droplets responsible for homogeneous nucleation.
Appendix A: Aerosol in ICON-ART
The particle size distribution of both mineral dust and sea salt aerosol is approximated by three log-normally distributed modes associated with prognostic number concentrations and mass mixing ratios. Keeping the standard deviations i constant during the simulation, the modes' mean diameter is a diagnostic variable being able to change due to aerosol dynamical processes like sedimentation, dry deposition, and washout. A detailed description of parameterizations for mineral dust emission can be found in Rieger et al. (2017) . The emission fluxes of sea salt aerosol are calculated online depending on wind speed and temperature (Lundgren et al., 2013 ). An overview of the initial values for the modal parameters of mineral dust can be found in Table A1 . 
Appendix B: Cloud Microphysics
For this study, ICON-ART is coupled with a comprehensive two-moment cloud microphysical scheme following Seifert and Beheng (2006) . The scheme considers six hydrometeor classes (cloud droplets, ice, rain, snow, graupel, and hail) that are described by prognostic budget equations for both mass and number concentrations. The particle size distribution of each class is characterized by a generalized distribution. The shape of particles in each class is approximated using a power law formulation. The mean size D (in meters) of a single particle is related to its mean mass m (in kilograms) via a mass-size relation:
An overview of the shape coefficients a geo and b geo for all hydrometeor classes can be found in Seifert and Beheng (2006) .
Changes in the liquid phase are considered by condensational growth, accretion, autoconversion, self-collection, break up, and freezing, whereas frozen hydrometeors undergo diffusional growth, aggregation, self-collection, riming, ice multiplication, and melting.
To obtain realistic rates for the formation of ice crystals, a careful description of the competition between homogeneous and heterogeneous nucleation of ice crystals is required. This is realized via the parameterization after Barahona and Nenes (2009b) . Besides temperature, supersaturation, and updraft velocity, homogeneous nucleation depends only on number concentration (n HOM ) and diameter (d HOM ) of small liquid aerosol droplets (Koop et al., 2000) . Assuming ubiquitous presence of such particles (Köhler & Seifert, 2015) , constant values for n HOM = 1, 000 cm −3 and d HOM = 200 nm are prescribed throughout the atmosphere.
To parameterize heterogeneous nucleation, the formulation after Phillips et al. (2013) is applied. In this study, only mineral dust is considered as possible INP, as this species both has effective ice-nucleating properties and prevails over most of the atmosphere. Other species like soot, organic, or metallic particles might therefore be neglected in modeling studies (Cziczo et al., 2013) .
As even with a relatively high spatial resolution of 5 km parts of the dynamical structures decisive for cloud formation remain unresolved, a Gaussian distribution based on turbulent kinetic energy (TKE) to account for the subgrid scale variability of the vertical velocity is applied (equation (B2)) after Lohmann et al. (1999) , who proposed f w = 0.7 for use in coarse-resolution global models, whereas Rieger et al. (2015) found f w = 0.3 yielding better results in higher-resolution ICON-ART simulations of a midlatitude spring episode compared to measurements. The latter are found to yield reasonable results also for the simulations presented in this study.
For the formation of cloud droplets, a parameterization based on classical activation theory is used (Fountoukis & Nenes, 2005) . This parameterization calculates the activation of log-normally distributed aerosol species at the maximum supersaturation possible. The latter is determined by the diabatical cooling rate, dependent on vertical movement and thermodynamical state. The decelerated growth of giant cloud condensation nuclei (Barahona et al., 2010 ) is considered as well as the activation of insoluble particles via Frenkel-Halsey-Hill adsorption theory (Kumar et al., 2009) . When using this configuration with a two-moment scheme, it is important to distinguish whether activation takes place either within a preexisting cloud or at its base or rather forming an entirely new cloud (Bangert et al., 2012) . cloud microphysics, are assumed to follow a generalized function based on the mean hydrometeor size L, with intercept parameter N 0 , slope parameter , and coefficients and ; detailed explanations and values for the constants can be found in Seifert and Beheng (2006) . As for the cloud microphysics, ice crystals are assumed to hexagonal needles
The spectral optical properties, that is, the extinction coefficient ( EXT ), the scattering coefficient ( SCA ), the single scattering albedo ( ), and the asymmetry parameter (g) are defined as follows.
with scattering angle and the scattering phase function P.
First, a particle size distribution (PSD) ensemble containing 7,500 members is defined by systematic variations of the PSD parameters within a wide range. Like this, L = ( + 1) ∕ covers a range of [5, 3000] m; the resulting r e reaches values up to 300 m.
For each PSD of this ensemble, the scattering parameters are computed assumed randomly orientation of the ice crystals and spectrally averaged over the wavelength bands of RRTM (Mlawer et al., 1997) . Finally, Figure D3 . Changes of TKE (a), potential temperature (b), and RH ICE (c) averaged over the entire domain and simulation time for reference simulation (black) and seeding strategies SEED (blue), TRGT (green), and TRGT2 (orange). Solid lines are absolute values; dotted lines represent differences compared to the reference simulation. TKE = turbulent kinetic energy.
EXT and are parameterized as function of r e and g as function of A r by applying rational, nonlinear ansatz functions (equation (C6)). Likewise, for cloud droplets, data derived from Mie theory (Hu & Stamnes, 1993 ) is employed. 
